Introduction
Formaldehyde (FA) is a ubiquitous chemical compound which is released as a result of the burning process from vehicle exhausts, power plants, refineries and wood stoves. Building materials such as chipboard, paint and varnish also contain FA. While the compound naturally occurs in some fruits, it forms endogenously in mammals, including humans, as part of the oxidative metabolism [1] . FA is Objective: To explore the effects of Nigella sativa oil (NSO) on the histopathological and biochemical changes that inhaled formaldehyde (FA) induces on the testicular tissue of rats. Methods: Thirty three adult male rats were separated into five groups as follows: C, the control group; 4FA group which received FA for 4 weeks; 13FA group which was given FA for 13 weeks; 4FA+NSO group which was administered FA plus NSO for 4 weeks; 13FA+NSO group which was treated with FA plus NSO for 13 weeks. FA was administered through inhalation for 8 h 5 days a week at a dose of 5 ppm in a special glass cage, and NSO was administered orally 1 mL/kg once daily. Rats were decapitated at the end of the experiment and testicular tissue specimens were harvested for histopathologic and biochemical assessment. Results: Compared to the C group, reduction was observed in the number of intact tubules and in the mean germinative epithelium thickness of the FA groups. Significant increase was observed in the number of intact tubules with the long-term (13 weeks) administration of NSO together with FA. Reduced glutathione peroxidase activity was found and oxidative stress index values were measured higher in the 4FA and 13FA groups versus the C group (P<0.05). Moreover, total antioxidant status levels decreased only in the 4FA group (P<0.05) while only the 13FA group significantly increased malondialdehyde levels and reduced catalase activities in comparison with the C group. In the 13FA+NSO group, malondialdehyde levels decreased however glutathione peroxidase and catalase activities increased compared to the 13FA group. Differences measured in total antioxidant status levels were found to be statistically significant only between the 4FA and the 4FA+NSO groups. Conclusions: NSO as an antioxidant should be used for a longer term to achieve protective efficacy both histopathologically and biochemically in the testicular tissue.
This is an open access journal, and articles are distributed under the terms of the Creative Commons Attribution-Non Commercial-Share Alike 4.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as appropriate credit is given and the new creations are licensed under the identical terms. usually used for embalming cadavers in anatomy laboratories and preserving tissues in pathology laboratories. Besides, the compound is used as preservative, sterilizer and stabilizer in the production of cosmetics, shampoos, some personal care products, textiles, and furniture, as well as in many foods [2, 3] . FA is mostly taken to the body through digestion, respiration, and via the skin [3] . It induces carcinogenicity and mutagenicity by strongly binding to proteins, DNA and RNA [4] .
Inhaled FA has been identified to induce atrophy in seminiferous tubules, increase in spaces between germinative epithelial cells, degeneration in Leydig cells, disintegration of seminiferous epithelial cells and decrease in sperm motility [5] . Also decrease in superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) activities and increase in malondialdehyde (MDA) levels have been identified in the testicular tissues of rats [6] .
Nigella sativa (black cumin) is a member of the Ranunculaceae family and native to Anatolia. The seeds have diuretic and digestive effects [7, 8] . It has been shown to have many favorable effects, especially antioxidant and antidiabetic [9, 10] . Oral administration of the Nigella sativa oil (NSO) has been observed to increase sperm count and sperm motility in the epididymis while reducing serum MDA levels and increasing glutathione (GSH), GSH-Px and catalase (CAT) activities [11] .
The present study was conducted to investigate whether NSO has protective efficacy against the harmful effects FA induces on the male reproductive system.
Materials and methods

The subjects and the study protocol
Thirty three adult male Sprague-Dawley rats weighing 270 to 300 g were used in the study. This study was carried out after obtaining the 
Histological procedure and evaluation
Testis tissues were fixed in 10% formalin, dehydrated through 80%, 95% and absolute ethyl alcohol, cleared in xylene and embedded in paraffin. Sections were cut at 4 μm, mounted on slides and stained with hematoxylin and eosin (H&E) for general structure. 
Biochemical analyses
The MDA contents of the homogenates were determined spectrophotometrically by evaluating the presence of thiobarbituric acid-reactive substances [12] . The results were shown as nmol/g according to a prepared standard graph. The method of Sun et al. was used to measure total SOD activity [13] . The principle of the method is the inhibition of nitroblue tetrazolium reduction by the xanthinexanthine oxidase system as a superoxide generator. SOD activity was shown as U/mg protein. Aebi's method was used to measure CAT activity [14] . The principle of the assay is based on the determination of the rate constant (k, s-1 
Statistical analysis
Statistical analyses were performed using the SPSS program P<0.05 was considered as significant difference.
Results
Histopathological results
Seminiferous tubules and germinative epithelium in control group were observed to be histologically normal. In this group, mean Atrophic tubules that were distinctly seen in the groups exposed to FA only were also observed in the FA+NSO groups ( Figure   1B , C, D, E). While 40.6% of the tubules in the 4FA+NSO group were observed to remain intact, the percentage of intact tabules was 30.6% in the 13FA+NSO group ( Figure 1E ). Germinative epithelium thicknesses of 4FA+NSO and 13FA+NSO groups were (24.6±8.4) μm and (16.4±6.0) μm, respectively, and tubule diameters of these two groups were (253.2±28.9) μm and (240.5±33.3) μm, respectively. Tubule diameters in the 4FA+NSO group were found statistically significantly larger than those in the 4FA group (P=0.000), and germinative epithelium thicknesses were identified to be unaffected (P>0.05). Whereas only 17.2% of the tubules were found to be intact in the 13FA group, this rate was found higher (30.6%) in the 13FA+NSO group. Likewise, the counts of atrophic tubules that presented a severity score of 3 were 18.3% and 6.1%, respectively in these two groups.
Biochemical results
In the 4FA and 13FA groups, GSH-Px activities were found to be lower and OSI values were measured higher than those of the control group (P<0.05). TAS levels were reduced significantly versus the control group only in the 4FA group (P<0.05). When compared to the control group, significantly increased MDA levels and significantly reduced CAT activities were seen only in the 13FA group (P<0.05). The differences identified in these parameters (MDA and CAT) between the 4FA group and the control group were found insignificant (P>0.05). NSO administration for 13 weeks increased GSH-Px activities but not affected OSI levels. In the 13FA+NSO group, decreased MDA levels and increased CAT activities were found compared to the 13FA group (P<0.05). No significant differences were found between the 4FA and 4FA+NSO groups in terms of these parameters. Differences measured in TAS levels were found to be statistically significant only between the 4FA and the 4FA+NSO groups (P<0.05) ( Table 1 ).
Discussion
FA, a compound which is ubiquitously found in our environment, naturally occurs in the lower layer of the atmosphere through hydrocarbon oxidation. Exhaust gases from motor vehicles are also a major source of environmental FA emission. The compound is also emitted by cigarette smoke, and in the heating and cooking processes [3] . Harmful effects of FA on the male reproductive system have been demonstrated in a number of experimental studies [5, 6, 19] .
Both long-and short-term inhalations of FA are reported to cause atrophy in seminiferous tubules, degeneration in Leydig cells, disintegration of seminiferous epithelial cells and decrease in sperm motility [5, 6, 20, 21] . Likewise, in our study, FA inhalation was seen to have caused atrophy in the seminiferous tubules and decrease in germinative epithelium thickness. Zhou et al. reported reduced SOD and GSH-Px activity and increased MDA levels in the testicular tissue associated with FA inhalation [6] . Similar to the reports in the literature, this study identified a decrease in GSH-Px activities and an increase in MDA levels. Histopathological and biochemical changes due to FA administration have been reported in several studies. When FA was administered together with antioxidants such as proanthocyanidin or manganese chloride, there was less histopathological damage and also less increase in MDA levels [19, 22] .
The antioxidant we used in our study was found to have affected MDA levels and histopathologic findings were similar to those reported in the literature.
In another study, administration of NSO for 6 weeks at a dose of 0.4 mL/day via a gastric tube was found to increase the sperm count and sperm motility in the epididymis. A decrease in serum MDA levels was also observed while GSH, GSH-Px and CAT activities increased [11] . Similarly, after administering 5 mL/kg of NSO for 60 d to rabbits, Umar et al. reported significant increases in the spermatogenic epithelium, the seminiferous tubule diameter and area, the seminiferous tubule lumen diameter, and the count of spermatogenic layers [23] . Furthermore, many studies have demonstrated NSO reduced the damage caused by toxic agents in the testicles. Insecticides such as acetamiprid and chlorpyrifos have been shown to reduce the weights of the testicles and the epididymis in rats, to decrease sperm count, to increase levels of serum thiobarbituric acid reactive substances which indicate oxidative cell injury, and to reduce plasma and tissue GSH-Px, CAT and SOD activities. Administering NSO together with insecticides was reported to have reduced these injuries [24, 25] . Likewise, in our study, we both histologically and biochemically demonstrated that NSO reduced the toxic effects of inhaled FA. However, a statistically significant increase in CAT activity was seen only in the group to which NSO was administered for 13 weeks, the longest time, which supports the fact that the effect of NSO on CAT activity does not occur in the short term.
There are studies in the literature that likewise report that changes were identified in both histopathologic and biochemical parameters after testicular injury was induced with various chemicals or by torsion/detorsion, and these were corrected by various antioxidant agents [26] [27] [28] [29] [30] .
Lipids are one of the major targets of oxidative stress. MDA is a highly toxic substance and a secondary product of lipid peroxidation.
Its interaction with DNA and proteins can give rise to severe outcomes [31] . Measuring TOS, as well as TAS for antioxidants such as GSH-Px, CAT and SOD, can be useful in determining MDA levels [30] . Changes in TAS, TOS and OSI levels are widely used for assessing oxidative stress [28] . Compared with measuring each antioxidant individually, TAS provides more information about the total antioxidant capacity. OSI, calculated by dividing total oxidants into total antioxidants, is a significant marker showing the increase in oxidants or the decrease in antioxidants. OSI presents both cost and time savings compared to individually calculating each of the oxidants and antioxidants [29] . Depending on the chemical agents, reduction in antioxidant enzyme activities such as SOD, CAT, GSHPx unfavorably affects the male reproductive system [24, 25] . NSO, on the other hand, makes a favorable impact on the male reproductive system by reducing the formation of free radicals [24] .
Antioxidants play a protective role against oxidative damage in the testicles. Prevention of oxidative damage will lead to improvement in histopathologic changes [20] . Similar to the reports in the literature, in our study, administration of FA for a long-term (13 weeks) indicated an increase in oxidative stress and tissue injury more than a short-term (4 weeks) administration [32] . In summary, NSO as an antioxidant should be used for a longer term to achieve protective efficacy both histopathologically and biochemically in the testicular tissue.
